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Abstract
First principles FPLAPW calculations were performed in the framework of Den-
sity Functional Theory (DFT), to study the electronic structures and magnetic
properties for the new full-Heusler compounds: Sc2CoZ (Z=Si, Ge, Sn). The
investigated materials are stable against decomposition, in ferromagnetic con-
figuration and crystallize in the inverse Heusler structures. The half-metallic
properties as function of the variation of unit cell volumes are analysed re-
garding the fourth main group constituent elements. The electronic structure
calculations for Sc2CoSi and Sc2CoSn show half-metallic characters, with in-
direct band gaps of 0.544 eV and 0.408 eV at optimised lattice parameters of
6.28 A˙ and 6.62 A˙, respectively. For Sc2CoGe compound, the Fermi energy is
not pinned inside the energy band gap from minority density of states, neither
for unit cell contraction nor for enlargement. The calculated total magnetic
moments are 1µB/f.u., for all compounds, in agreement with Slater-Pauling
rule.
Keywords: Half-metallic properties; Heusler alloys; Density Functional
Theory; Magnetic properties.
1. Introduction
Potential candidates for spintronic applications, the full-Heusler compounds
were intensively studied to understand their physical properties [1, 2]. Nowa-
days, the interest in Heusler compounds grew enormously due to the discovery
of materials with high Curie temperature, high spin polarization and low sat-
uration of magnetization, which may be useful for new devices, related to the
magnetic storage of information [3]. Another breakthrough was the perpendicu-
lar magnetic anisotropy, reported in thin films [4] which may be incorporated in
spin torque devices. Finding novel materials with designed properties suitable
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for tunnelling magnetoresistance (TMR) devices [5, 6], magnetic tunnel junc-
tions [7, 8, 9] or spin injection devices [10] is another active field of ongoing
research involving Heusler compounds.
The Heusler family presents two possible variants of compounds: the half-
Heusler compounds, XY Z, 1:1:1 stoichiometry, with non-centrosymmetric cubic
structure C1b [1, 2, 11], and the full-Heusler compounds X2Y Z, 2:1:1 stoichiom-
etry, that crystallize either in the Cu2MnAl (L21) structure with the cubic space
group Fm3¯m [1, 2, 11], or in theHg2CuT i prototype, known as ”inverse Heusler
structure” with F 4¯3m space group [12].
The inverse Heusler structure is found in full-Heusler compounds when the
Y element is more electronegative than X, all symmetries adopted are Td and
no position with Oh symmetry is present. In this case, the X atoms are located
in the non-equivalent 4a (0,0,0) and 4c (1/4,1/4,1/4) Wychoff positions, while
the Y and Z atoms occupy the 4b (1/2,1/2,1/2) and 4d (3/4,3/4,3/4) positions,
respectively.
The feature called half-metallic ferromagnetism, proposed in 1983 by Groot
et al. [13] describes materials behaving as hybrids between metals and semicon-
ductors or isolators [14]. We have used ab initio electronic-structure calculations
to identify new half-metallic ferromagnetic materials, which are compatible with
semiconductors, due to large enough spin-flip gaps. Although many Heusler
compounds have been intensively investigated experimentally or theoretically
and predicted to have half-metallic properties [3, 5, 12, 15, 16, 17, 18], Sc2Co-
based full-Heusler compounds with Z being an element from the fourth main
group of the periodic table, have not been thoroughly studied to acquire an in-
sight into the electronic structures and their magnetic properties. Therefore, the
density of states, bandstructures and magnetic properties were investigated for
the Sc2CoZ (Z=Si, Ge, Sn) full-Heusler compounds, based on Density Func-
tional Theory. The results of theoretical investigations of the Sc2Co- based
full-Heusler compounds are analysed in the present work. To the best of our
knowledge, this is actually the first time when Sc2CoGe and Sc2CoSn are re-
ported up to now. The obtained theoretical results are compared with electronic
structures and magnetic studies reported in literature for other Heusler com-
pounds.
2. METHOD OF CALCULATION
The half-metallic properties of Sc2CoZ (Z=Si, Ge, Sn) compounds have
been subsequently examined via the self-consistent Full Potential Linearized
Augmented Plane Wave (FPLAPW) method, implemented in WIEN2k code
[19]. The Perdew Burke Ernzerhof (PBE) with Generalized Gradient Approx-
imation (GGA) [20, 21] was used for the exchange and correlation interaction.
The muffin-tin radii (RMT ) chosen were 2.35 a.u. (Sc and Co), 2.17 a.u. (Si),
2.23 a.u. (Ge) and 2.42 a.u. (Sn), respectively. The selected energy threshold
used to separate the core and valence states was -6 Ry. Within the modified
tetrahedron method, a 46x46x46 mesh, containing 2456 irreducible k points was
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Figure 1: Possible prototype structures of crystallization for the full-Heusler compounds,
the L21 (Cu2MnAl) and inverse Heusler structure (Hg2CuTi). The Wyckoff positions are
illustrated in the figure.
selected for the Brillouin zone (BZ) integration [22]. The cut-off condition, em-
ployed to determine the number of plane waves was KmaxRMT = 7, (Kmax
represents the maximum modulus of the reciprocal lattice vector). The conver-
gence of the self consistent calculations was performed considering an integrated
charge difference lower than 10−4e/a.u.3 between two successive iterations and
an energy convergence criterion no higher than 10−5 eV.
3. RESULTS AND DISCUSSIONS
The most stable structures of the Sc2CoZ (Z=Si, Ge, Sn) compounds were
verified by performing structural optimizations (ferromagnetic configurations),
with the two possible prototype structures for crystallization of full-Heusler
compounds, Cu2MnAl (L21) and Hg2CuT i (the inverse Heusler structure),
displayed in Fig.1.
The calculations revealed the fact that the ordered L21 structure is unstable
for all compounds, specifically, the model system with Cu2MnAl prototype has
higher energy compared to the system with Hg2CuT i -type structure (Fig.2)
and the latter prototype was used for further calculations. The result is in
agreement with the occurrence of inverse Heusler structure reported in literature
for T i2 -based full-Heusler compounds, [23, 24, 25, 27], because Co atoms are
more electronegative than Sc atoms.
Moreover, the non-magnetic and antiferromagnetic configurations were ex-
amined and the total energies calculated for these cases have higher values
comparing with ferromagnetic configurations, at the equilibrium lattice param-
eters, for all the three considered compounds ( Fig.2). The equilibrium lattice
constants calculated for relaxed spin-polarized configurations are 6.28, 6.35 and
6.62 A˙ for Sc2CoZ (Z=Si, Ge, Sn). Recently reported [23], the equilibrium
lattice parameter for Sc2CoSi, (6.29 A˙), is close to our result, while for the
Sc2CoGe and Sc2CoSn compounds, there are no available lattice parameters
reported in literature, to be compared with our calculated values.
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Figure 2: The calculated total energies as function of the lattice constants for Sc2CoZ (Z=Si,
Ge, Sn) for ferromagnetic, paramagnetic and antiferromagnetic configurations with Hg2CuTi
-type structure and ferromagnetic configurations with Cu2MnAl prototype
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Figure 3: The spin-polarized total densities of states (DOS) and partial DOSs of Sc2CoZ
(Z=Si, Ge, Sn) calculated at equilibrium lattice constants.
For each full-Heusler compound (Sc2CoSi, Sc2CoGe or Sc2CoSn), the en-
thalpy change ∆H was calculated by subtracting the sum of equilibrium total
energies for constituent elements (Sc and Co with HCP structures, Si, Ge and
Sn with FCC structures), from the equilibrium total energies of corresponding
compounds under study here, according to formula:
∆H = ESc2CoZ − 2ESc − ECo − EZ , (Z=Si, Ge, Sn).
The values obtained for enthalpies of formation, in ferromagnetic config-
urations, at the calculated equilibrium lattice parameters are -0.51 eV/atom
(Sc2CoSi), -0.63 eV/atom (Sc2CoGe) and -0.77 eV/atom (Sc2CoSn)and re-
flect the stability of compounds against decomposition.
Fig. 3 displays the total and partial density of states calculated at equilib-
rium lattice parameters. In the majority spin channels, all compounds present
a typical metallic behaviour. The minority spin channels of Sc2CoSi and
Sc2CoSn present semiconducting characters with indirect band gaps around
the Fermi levels for optimised structures. The metallic character from majority
spin channels and the clear semiconducting gaps from minority spin channels
lead to a full spin polarization of these compounds and a stable half-metallic
behaviour at optimised lattice parameters. In the case of Sc2CoGe, the Fermi
level intersects the bottom of the conduction band. The pseudogap formed in
the minority spin channel may be due to very small effects, such as exchange
and correlation effects, which can alter the spin polarization of this material
by changing the density of states surrounding EF . For all Heusler compounds
analysed, in both spin channels, significant contributions to the total density of
states in the energy range between -5.5 eV and -2.6 eV, come from p electrons of
Z elements and d electrons of Co atoms, the latter having the main contribution
also between -2.4 eV and -0.6 eV.
The band structures of Sc2CoSi, Sc2CoGe and Sc2CoSn compounds are
displayed in Fig. 4, at optimized lattice constants, with the majority spin chan-
nel on the left hand side of the figure and the minority spin channel on the right
5
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Figure 4: (color) The bandstructures of Sc2CoZ (Z=Si, Ge, Sn) Heusler compounds. Major-
ity spin channel (spin-up) in the left hand side of the figure, minority spin channel (spin-dn)
in the right hand side.
6
-0.4
0.0
0.4 Sc2CoSi Sc (4a)
D
en
si
ty
 o
f s
ta
te
s 
  (
st
at
es
/e
V
) 
 
 
dt2g
  
 
 
0.0236eV
Sc2CoGe Sc (4a)
 
 
 
Sc2CoSn Sc (4a)
 
 
-0.4
0.0
0.4 Sc (4c)
 D
en
si
ty
 o
f s
ta
te
s 
 (s
ta
te
s/
eV
)
 
 
  0.513eV 
Sc (4c)
 
 
dt2g
 
Sc (4c)
 
 
-1.5 -1.0 -0.5 0.0 0.5
-0.4
0.0
0.4
 D
en
si
ty
 o
f s
ta
te
s
  (
st
at
es
/e
V
)
 Energy E-E
F
 (eV)
 
Co
dt2g
  
0.52eV
-1.5 -1.0 -0.5 0.0 0.5
Co
 Energy E-E
F
 (eV)
 
dt2g
0.072eV   
-1.5 -1.0 -0.5 0.0 0.5
dt2g
0.049eV  
0.359eV 
Co
 
Energy E-E
F 
(eV)
 
Figure 5: The main partial densities of states at optimized lattice parameters of Sc2CoZ
(Z=Si, Ge, Sn), Fermi levels, deg and dt2g being indicated by dotted, dashed and solid lines,
respectively.
hand side. The size of the indirect band gaps, at optimized lattice parameters,
from the minority spin channels, are 0.544 eV for Sc2CoSi and 0.408 eV, for
Sc2CoSn compound, respectively (Fig. 4). Even though an indirect band gap
of 0.435 eV is present in the minority spin channel of Sc2CoGe compound, the
Fermi level intersects the bottom of the conduction band, which leads to a loss
of the semiconducting behavior and a decrease in the spin polarization at opti-
mised lattice parameter. The sizes of semiconducting gaps from minority spin
channels, for all compounds, are determined by the difference in energy between
the top of the valence bands, located at Γ - point, below the EF and the bottom
of the conduction bands, at ∆ point, above the EF .
The partial density of states of d-orbitals of Sc and Co atoms are illustrated
in Fig. 5 for all compounds, at optimised lattice parameter. The band gaps
from minority spin channels are formed by the d states of Sc(4c), Sc(4a) and
Co atoms, according to our theoretical calculations. In Sc2CoSi case, the origin
of the band gap results from the coupling between the triple degenerated dt2g
orbitals of Sc(4a) atoms, which have energy values in the region correspond-
ing to the anti-bonding states of the conduction band (0.0236 eV above EF )
and dt2g orbitals of Co atoms that correspond to the bonding states of valence
band (0.52 eV below EF ). The hybridization is dependent by the atomic ar-
rangement of atoms and environment. It occurs when the sum of metallic radii
(12-coordinated) of two neighbours exceeds the interatomic distance. Since the
Pauling electronegativity of scandium is 1.3 and of Co is 1.9 (Pauling units), in
Sc2CoSi case, the sum of metallic radii is higher than the distance between the
next nearest neighbours Sc(4a)-Co, which is a/2, where a is the lattice parame-
ter. Therefore, Sc(4a) and Co atoms may strongly hybridize. The formation of
the pseudogap in Sc2CoGe compound is explained by the interaction between
the triple degenerated orbitals dt2g of Co with contribution of dt2g orbitals of
Sc(4c) at the bonding states of valence band, Sc (4c) and Co being the nearest
7
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Figure 6: The positions of the top of the valence band (solid black squares) and the bottom
edges of the conduction band (solid red circles) of total DOSs for Sc2CoZ (Z=Si, Ge, Sn) as
function of lattice parameters, in minority spin channels.
neighbours. The Fermi level is estimated to be approximately 0.072 eV above
the bottom of the conduction band. The indirect band gap from minority spin
channel of Sc2CoSn is described by the hybridization of dt2g anti-bonding or-
bitals of Co (0.049 eV above EF ) with the dt2g bonding orbitals from Co and
Sc (4c) atoms (0.359 eV below EF ).
Fig. 6 displays the half-metallic properties of for Sc2CoZ (Z=Si, Ge, Sn) as
function of lattice parameters. In the case of Sc2CoSi, the half-metallic band
gap is present at the Fermi level, for a lattice parameter range 6.21 - 6.56 A˙,
providing a complete spin polarization. Below and above the critical transition
points illustrated in Fig. 6, the compound behaves as a conventional metal.
The calculations for Sc2CoGe do not yield to half-metallic ferromagnetism.
Because the Fermi level crosses the bottom edge of minority conduction band,
the calculated spin polarization is 98%, at optimised lattice constant. For each
lattice parameter, the calculated Fermi energy is different; therefore, the Fermi
level is shifted. However for Sc2CoGe compound, the Fermi energy is not pinned
inside the energy band gap from minority density of states, neither for unit
cell contraction nor for enlargement. The Sc2CoSn compound shows a stable
and well-ordered half-metallic ferromagnetism, being fully spin polarized, up
to a lattice parameter of 7.05 A˙. Above this transition point, the Fermi level
intersects the bottom edge of the minority conduction band and the Sc2CoSn
compound becomes ferromagnetic metal.
The Slater-Pauling curve gives in ferromagnetic alloys, the interrelation be-
tween the total magnetic moment and the valence electron concentration [28, 29].
The original Slater-Pauling approach suggests the existence of different laws,
due to the average over all atoms of the total magnetic moment and the num-
ber of valence electrons. For compounds with different kinds of atoms and
ordered crystalline structures, it is more appropriate to consider all atoms of
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Figure 7: The total, site-projected magnetic moments as function of lattice constant for
Sc2CoZ (Z=Si, Ge, Sn) compounds.
the unit cell, to find the magnetic moment per unit cell. For ternary 1:1:1
Heusler compounds, the Slater-Pauling rule was first time reported by Ku¨bler
[30]. These compounds, with C1b structure have three atoms per unit cell and
follow the Slater-Pauling 18-electron-rule (Mt = Zt - 18), where Mt is the total
spin magnetic moment per the formula unit, Zt is the total number of valence
electrons and 18 represents the number of occupied states in the spin bands. A
Slater-Pauling 24-electron-rule (Mt = Zt - 24) was found for the 2 :1 :1 fam-
ily of full-Heusler compounds with L21 structure (Cu2MnAl -prototype) [31].
The present work deals only with ternary 2:1:1 full-Heusler compounds with
Hg2CuT i type structure. Even though the origin of the band gap in the latter
2:1:1 full-Heusler compounds is different than that of the ternary 1:1:1 Heusler
compounds, the corresponding Slater-Pauling rule is similar: 18-electron-rule
(Mt = Zt - 18) . This Slater-Pauling 18-electron-rule was recently explained for
T i2-based full-Heusler compounds [23, 32]. The total and site resolved magnetic
moments as function of lattice constants for Sc2CoZ (Z=Si, Ge, Sn) compounds
are shown in Fig.7. All materials studied have the total magnetic moments
calculated at equilibrium lattice parameters equal to 1 µB/f.u and follow the
Slater-Pauling rule (18-electron-rule) for ternary 2:1:1 full-Heusler compounds
with Hg2CuT i -type structure. The calculated total and atomic spin magnetic
moments are given in table I.
For all compounds studied, the major contributions to the total magnetic
moments come from Sc atoms, located in (4a) Wyckoff positions that have
tetrahedral symmetries Td and are surrounded by Co atoms, at a/2 A˙ distances
(a are the optimised lattice parameters). This result is surprising because the Sc
atoms in standard state do not have magnetic properties. Similar findings were
9
a Mt m
Sc(4a) mSc(4c) mCo mZ
Sc2CoSi 6.28 0.999 0.399 0.154 0.238 0.038
Sc2CoGe 6.35 1.000 0.411 0.200 0.182 0.021
Sc2CoSn 6.62 1.000 0.401 0.188 0.192 0.010
Table 1: The optimised lattice parameters (in A˙), total spin magnetic moments (in µB),
atomic spin magnetic moments (µB/atom) calculated for the optimised lattice parameter,
for Sc2CoZ (Z=Si, Ge, Sn). The differences between the calculated total magnetic moments
and the sum of atomic spin magnetic moments represent the contributions of the interstitial
regions.
reported in T i2-based half-metallic full Heusler compounds, which also follow
the 18-electron-rule, where the highest spin magnetic moment contributions
come from Ti atoms, [25, 26, 27].
Despite the fact that Sc atoms are coupled ferromagnetically, their different
neighbourhoods determine dissimilar magnetic moments. Although the main
group elements (Si, Ge or Sn) carry an insignificant magnetic moment, the Z
element surroundings influence the size of the band gap, from minority spin
channel, by decreasing it, as the atomic radius of the main element becomes
larger. Furthermore, the atomic spin magnetic moments of Sc atoms from both
sites are decreasing, regardless of the main group elements. In the materials
containing Si or Sn, the stress applied to structures, leading to unit cell expan-
sions, determines the Co magnetic moments to increase. In the case of Sc2CoGe
compound, the magnetic moment of Co slightly increases, but does not exceed
the magnetic moment of Sc (4a), in spite of unit cell enlargement.
However, the highest spin magnetic moments from Sc2-based compounds are
material specific. For example, in Sc2Y Z, (Y = Cr, Mn; Z = Al, Si) compounds,
the highest magnetic moments come from transition metal elements located in
Y position and coupled antiferromagnetically with Sc atoms from both Wyckoff
positions [23].
4. Conclusions
To summarise, in the present study, first principles (FPLAPW) calcula-
tions investigate the half-metallic features of Sc2CoSi, Sc2CoGe and Sc2CoSn
full-Heusler compounds, with Hg2CuT i -type structure, as potentially suitable
materials for applications in spintronics. The electronic structure calculations
and magnetic properties predict that Sc2CoSi compound is fully spin polarised
half-metallic ferromagnet for lattice parameters ranging between 6.21 - 6.56 A˙.
The size of the calculated band gap, from minority density of states is 0.544 eV,
at optimised lattice parameter of 6.28 A˙. For Sc2CoGe compound, at the equi-
librium lattice parameter 6.35 A˙, is expected a reduction in the spin polarization
at 98%, due to the formation of a pseudogap near Fermi level. The band struc-
ture of Sc2CoSn is completely spin polarized, with a semiconducting indirect
band gap in minority spin channel at optimized lattice parameter, 6.62A˙. The
transition from half-metallic to metallic features of Sc2CoSn occurs at a very
10
enlarged lattice parameter of 7.05 A˙, which makes the full-Heusler compound,
the most stable half-metallic ferromagnet between the Sc2CoZ (Z=Si, Ge, Sn)
studied compounds .
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